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Abstract 
Structural adhesive is widely employed in vehicle structures to enhance noise-vibration and crashworthiness performance. It 
is also known that structural durability is enhanced with application of structural adhesive. Many researchers have reported the 
fatigue performance of adhesive joints, but the test results showed noticeable scatter, making it hard to develop a fatigue life 
prediction method. This study fabricated cross-tension specimens joined with either adhesive only or adhesive with a spot-weld 
joint. These specimens were subjected to a 45-degree loading direction with respect to adhesive joint plane. The materials used 
for the specimens were various sheet steels, including mild steel, DP, and ultra-high strength steel. Fatigue tests were conducted 
for the specimens and a stress-life curve was constructed using a structural stress method. The test results were also correlated 
with a fracture mechanics approach. Both of the approaches showed reasonable correlation with the test results.  
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1. Introduction 
Structural adhesives are widely employed in the construction of vehicle structures to improve crashworthiness, 
noise and vibration, and durability performances. Recently, the application of structural adhesives has become more 
common in joining dissimilar materials in vehicle structures. Since structural adhesives started being employed in 
vehicle structures, many researchers [1–7] investigated the strength and fatigue performance of the joints. Then the 
research interest shifted to the development of methods for fatigue life prediction of the joints [8–14]. Most of the 
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research [10, 12–14] was conducted with fracture mechanics concepts to predict the fatigue life of adhesive joints. 
Tomioka and co-workers [9] and Hong and Forte [11] used structural-stress concepts to predict fatigue life of the 
adhesive joints. Some research efforts [15–17] were also devoted to developing proper representations of the 
adhesive layer in finite element (FE) models. Non-linear characteristics of the adhesive materials were the main 
focus in the development of the proper representation of the joints in FE models.  
This study was conducted to develop a fatigue life prediction method using a structural stress method [18] for 
adhesive joints between sheet steels. To construct the structural stress versus life curve of the adhesive joints, coupon 
specimens were constructed for joining DP600 to DP600 and HSLA340 to HSLA340. Then, the S-N curve was used 
to predict fatigue life of adhesive joints between a mild steel and an ultra-high strength steel for validation of the 
structural stress method. The adhesive joints for the validation are subjected to cross-tension loading with 45-degree 
angle. The predicted fatigue life using the structural stress method correlates reasonably well with the fatigue test 
results of the cross-tension specimen geometry.  
2. Specimen dimensions and experimental results 
The adhesive with spot welded joint specimens were constructed for DP600 to DP600 and HSLA340 to 
HSLA340 with lap-shear (LS) and coach-peel (CP) specimen geometries [19]. Also, the adhesive-only joint 
specimens were constructed for DP600 to DP600 with lap-shear specimen geometry. The sheet thickness used in this 
study was 1.53 mm for DP600 and HSLA340 steels. The adhesive material used in this study was EFTEC EFBOND 
WC2309 structural adhesive. The spot weld diameter was 7 mm for the adhesive joint with a spot weld. The 
specimen dimensions and geometries are shown in Fig. 1 [20]. The area to which the adhesive was applied was the 
overlapped region of the specimens. 
 
 
Fig. 1. Dimensions and geometries of lap-shear and coach-peel specimens [20]. 
Fatigue tests of the specimens were conducted at test frequency of 7 or 10 Hz [19].  The fatigue failure criterion 
is the full separation of the specimen into two pieces. The runout is defined as 3 million cycles and marked with 
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arrows in Fig. 2. The fatigue test results of the specimens are presented in load range versus cycle to failure as shown 
in Fig. 2. The upper group of data points in Fig.2 is from LS specimens and the lower group of data points in the 
same figure is from CP specimens. As shown in Fig. 2, no differences are observed between adhesive-only joints and 
adhesive with a spot weld joints in fatigue performance of LS specimens. The test results also show that the sheet 
strength of the joints does not affect the fatigue strength of the adhesive with a spot weld joints in CP and LS 
specimens. This is the same observation as with the fatigue performance of spot-weld only joints [20]. The slope of 
the load range versus fatigue life is very flat, and noticeable scatter is observable in the CP and LS specimen 
geometries. The slope in the CP specimen results is flatter than that of the LS specimens.  The failure mode of the 
adhesive with spot weld joint is shown in Fig. 3 [19]. The failure mechanism is very similar to that of the adhesive-
only joint since the majority of the applied load is carried by the adhesive regions. Only after the adhesive region in 
front of the spot weld fails does the spot weld take the applied load.   
 
Fig. 2. Fatigue test results of LS and CP specimens. 
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Fig. 3. Typical failure modes of adhesive with a spot weld for HSLA340 (a) CP; (b) LS [19]. 
 
3. Structural stress calculation 
3.1. Structural stress equation 
This study used a structural stress concept to develop a fatigue life prediction method for adhesive-only joints 
and adhesive with spot weld joints between sheet steels. This structural stress concept is widely used for fatigue life 
prediction of spot welded joints [21–23]. The biggest advantage of the structural stress concept is that structural 
stress is a lot less sensitive in the mesh sizes than stresses obtained from finite element analysis. The structural stress 
method used in this study was originally proposed by Rupp and co-workers [18] and modified by nCode [24] for 
taking account of the effect of sheet thickness and spot-weld diameter on the structural stress. The modified 
structural stress method for a spot welded joint is briefly summarized below. 
The structural stresses in the radial direction are calculated from the forces and moments acting on the circular 
weld nugget sitting on a circular plate, as shown in Fig. 4 [23]. The radial structural stresses ( ) due to the forces 
in the x- and y-directions are calculated as follows: 
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where are the radial stresses due to forces ( ܨ௑ܨ௒ ) in the X- and Y-directions, 
respectively. The diameter of the circular weld nugget is “d” and the thickness of the circular plate is “t.” is 
the radial structural stress due to a normal force on the weld nugget and (=1.744) is a parameter that depends 
on the ratio of the nugget radius and specimen length from the center of the nugget to the edge of the grip area. 
ிܲ௑௒ ிܲ௓ are the correction parameters of the radial structural stresses for the different sheet thicknesses and the 
weld nugget diameters. SFFXY is the empirical scale factor for force in the X and Y directions. DEFXY and DEFZ 
are the diameter exponents for the forces in the X, Y, and Z directions, respectively. The thickness exponents are 
defined as TEFXY and TEFZ. 
The radial structural stresses due to the applied moments with respect to the local X- and Y-directions (  and 
, respectively), occur at the edge of the weld nugget and are expressed as: 
, (6) 
, (7) 
 (8) 
where (=1.872) is a parameter that depends on the ratio of the nugget radius and specimen span. represents 
the correction parameters of the radial structural stresses for the different sheet thicknesses and weld nugget 
diameters. SFMXY is the empirical scale factor for the moment with respect to the X and Y directions. DEMXY is 
the diameter exponent for the moments with respect to the X and Y directions. The thickness exponent for the 
moments is defined as TEMXY. 
 
Fig. 4. Circular plate model for a spot weld joint [23]. 
Subsequently, the radial structural stresses, except for the stress due to the normal force, are calculated 
incrementally along the circumference of the weld nugget by the angle . Here,  is the angle as measured from a 
reference axis in the plane of the weld nugget. The resulting equivalent structural stresses as a damage parameter are 
then calculated by the appropriate combination and superposition of local radial structural stresses along the 
circumference of the weld nugget, as shown below:  
  (9) 
Finally, the maximum radial structural stress is determined for the given applied load from the equivalent 
structural stresses calculated using Equation (7). The maximum radial structural stress range versus fatigue life of 
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the specimens tested is then plotted on log-log coordinates, resulting in an S-N curve for a given joint, and is fitted 
using equation (8) below: 
 (10) 
where is the maximum structural stress range,  is the number of cycle to failure, “A” is the coefficient, 
and “b” is the exponent.  
 
3.2. Constructing S-N curve using the structural stress range 
To construct the S-N curve of adhesive joints with and without a spot weld using the structural stress equations 
explained in the previous section, it is necessary to develop finite element (FE) models for the specimen types 
considered in this study. In the FE models of these specimens, the adhesive area is represented with the area contact 
method (ACM), consisting of a hexagonal element with rigid connection elements between steel sheets. A typical 
representation of ACM is shown in Fig. 5. The forces and moments at nodes are then transformed to the center of 
the surfaces that contact with steel sheets, presented with shell elements. These forces and moments are used to 
calculate the structural stress of Equation (7). Fig. 6 shows FE models of LS and CP specimens, and Fig. 7 shows 
the structural stress range versus the number of cycle to failure of the specimens. The element size in the FE models 
is 5 mm by 5 mm, and the overlapping region to which adhesive is applied is connected with ACM. 
 
 
Fig. 5. A typical ACM representation in FE model [24]. 
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Fig. 6. FE models of CP and LS specimen. 
4. Validation of the structural stress approach for adhesive joints 
The S-N curve developed from LS and CP specimens of DP600 and HSLA340 sheet steels is used to predict 
fatigue life of an adhesive joint with and without a spot weld. The specimens are constructed with cross-tension (CT) 
geometry, as shown in Fig. 8. Various strengths of steels are joined with adhesive only and with adhesive with a spot 
weld. Sheet thicknesses of the loading part (1.6 mm) and the constrained part (1.2 mm) are different.  These 
combinations of specimens provide better data to validate the structural stress approach. The predicted life versus 
test life of the CT specimens is shown in Fig. 9. The dotted line represents a perfect correlation between the 
predicted life and the test life. The two solid lines present the upper and lower factor of 3. As shown in Fig. 9, the 
structural stress method works fairly well except in the long-life region. Many things contribute to making the 
difference between the predicted life and the test life. The most important factor for this difference is that the slopes 
of LS and CP in the S-N curve are actually different. This study, however, did not distinguish the difference in the 
slopes of the S-N curve since whether the joint in a real structure is in LS condition or CP condition cannot be 
identified. Usually, S-N slopes for LS specimens and CP specimens are the same in S-N curve of spot-weld joints. 
Another contributing factor for this difference could be the equations of the structural stresses used in this study. 
These equations were developed for spot-weld joints, and the mechanics at the adhesive joint are definitely different 
from those of a spot-weld joint. This study ignores the differences and assumes that the same equations could 
represent the fatigue characteristics of adhesive joints. Thus, it is necessary to conduct further studies in prediction of 
fatigue life of adhesive joints with and without a spot weld.  
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Fig. 7. Structural stress range versus fatigue life of CP and LS specimens. 
 
Fig. 8. Cross-Tension specimens. 
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Fig. 9. Comparison between predicted life and test life using the structural stress method. 
5. Summaries and Conclusions 
The application of structural adhesives is being increased to enhance crashworthiness, noise and vibration, and 
structural durability performance. Many researchers [1–7] have reported the fatigue performance of structural 
adhesive joints with or without a spot weld. However, information on the fatigue life prediction methods for these 
joints is very limited. Thus, this study revisited the fatigue test results for adhesive joints with and without a spot 
weld in LS and CP specimen geometries and investigated the applicability of a structural stress method developed 
for spot weld joints to predict the fatigue life of these joints. The structural stress-based S-N curve was developed 
from fatigue test results of LS and CP specimens for DP600 and HSLA340 and applied to predict fatigue life of CT 
specimens of various steels. The structural stress method used in this study predicts reasonably well the fatigue life 
of adhesive joints with and without a spot weld in the short-life region.  
From the study conducted, the following conclusions are drawn: 
x The structural stress method can be applied to predict fatigue life of adhesive joints with or without a 
spot weld regardless of the specimen geometry. 
x For the high-cycle region, it is necessary to improve the accuracy of the fatigue life prediction. 
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